Molecular and ultrastructural aspects of the adaptation of Chlamydomonas reinhardtii to limiting CO2 by Geraghty, Anne Margaret
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1994
Molecular and ultrastructural aspects of the
adaptation of Chlamydomonas reinhardtii to
limiting CO2
Anne Margaret Geraghty
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Botany Commons, and the Molecular Biology Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Geraghty, Anne Margaret, "Molecular and ultrastructural aspects of the adaptation of Chlamydomonas reinhardtii to limiting CO2 "
(1994). Retrospective Theses and Dissertations. 11258.
https://lib.dr.iastate.edu/rtd/11258
INFORMATION TO USERS 
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer. 
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction. 
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, ±ese will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book. 
Photographs included in the original manuscript have been reproduced 
xerographicaUy in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for aiQr photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order. 
A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor. Ml 48106-1346 USA 
313/761-4700 800/521-0600 

Order Number 9518381 
Molecular and ultrastructural aspects of the adaptation of 
Chlamydomonas reinhardtii to limiting CO2 
Geraghty, Anne Margaret, Ph.D. 
Iowa State University, 1994 
U M I  
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 

Molecular and ultrastructural aspects of 
the adaptation of Chlamydomonas reinhardtii to limiting COj 
Anne Margaret Geraghty 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major: Botany (Physiology and Molecular Biology) 
by 
Department: Botany 
Approved: 
In Charge of Niajor Woi
Foj>^ Major D
Iowa State University 
Ames, Iowa 
1994 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
GENERAL INTRODUCTION 1 
Rubisco and the C02;02 Ratio 1 
The Microalgal COj Concentrating Mechanism 3 
Evidence for the COj Concentrating Mechanism 3 
Components of the COj Concentrating Mechanism 5 
Induction of the COj Concentrating Mechanism 10 
Other Metabolic Changes Associated With Transfer to Limiting COj 13 
Ultrastructural Changes Associated With Transfer to Limiting COj 14 
Dissertation Organization 15 
Literature Cited 16 
CHARACTERIZATION OF THE 21 KD LIMITING-COj INDUCED 
POLYPEPTIDE IN CHLAMYDOMONAS REINHARDTII 22 
ABSTRACT 22 
INTRODUCTION 23 
MATERIALS AND METHODS 25 
RESULTS 28 
DISCUSSION 38 
LITERATURE CITED 42 
STRUCTURAL CHANGES IN CHLAMYDOMONAS REINHARDTII UNDER 
LIMITING CO2 CONDITIONS, EXCLUDING THE RELOCALIZATION OF 
MITOCHONDRIA CONTAINING AN INDUCED POLYPEPTIDE 44 
ABSTRACT 44 
INTRODUCTION 45 
MATERIALS AND METHODS 48 
RESULTS 50 
DISCUSSION 67 
LITERATURE CITED 75 
GENERAL SUMMARY 79 
Conclusions 79 
Future Directions 82 
Literature Cited 84 
1 
GENERAL INTRODUCTION 
Chlamydomonas reinhardtii is a unicellular green alga typically found in the thin films 
of water on soil particles. The Chlamydomonas life cycle lends itself easily to genetic 
manipulation and laboratory culture, and Chlamydomonas, therefore, has become an 
important research model for numerous studies on genetics and cell biology. One such area 
of study is a COj concentrating system which alters the alga's apparent affinity for CO2 in 
photosynthesis. 
Rubisco and the COjtOj Ratio 
COj concentrating systems impact on the efficiency of photosynthesis because of the 
interaction between the Calvin cycle of photosynthesis and photorespiration. The first step of 
the Calvin cycle is the carboxylation of ribulose bis-phosphate to form two 3-
phosphoglycerate molecules. 3-Phosphoglycerate is then reduced to form triose phosphates, 
which are the building blocks for sugars and starches or can be used to regenerate ribulose 
bis-phosphate for the Calvin cycle. Alternatively, ribulose bis-phosphate can be oxygenated 
to form one 3-phosphoglycerate molecule, which feeds into the Calvin cycle, and one 2-
phosphoglycolate molecule. Two 2-phosphoglycolate molecules can then produce one 3-
phosphoglycerate molecule for the Calvin cycle, but in the process, one carbon dioxide 
molecule and one anmionium ion are lost and ATP is consumed. In addition to a direct 
energy cost, there is an energy cost to the cell for the loss of carbon, which had already been 
fixed, as well as nitrogen, which must be re-assimilated at the expense of additional ATP and 
reductant. The key to the efficiency of photosynthesis then, is whether ribulose bis-
phosphate is carboxylated or oxygenated. Both reactions are catalyzed by the same enzyme, 
ribulose bis-phosphate carboxylase oxygenase (rubisco), and CO2 and are in competition 
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for the active site of the rubisco enzyme. Although there is a great deal more Oj (16% in the 
air; 250 jxM in solution) than there is CO2 (0.03% in the air; 10 |iM in solution) in the 
environment, rubisco has a higher affinity for COj. Most plants, therefore, are above their 
CO2 compensation points, even in air, and can grow despite some level of photorespiration 
occurring. 
Some plants, however, have developed ways to increase the ratio of COj to Oj, 
thereby increasing the likelihood of the carboxylation reaction occurring over the oxygenation 
reaction. These plants have very low levels of photorespiration. One means by which this 
occurs is C4 photosynthesis, which is observed in many grasses. C4 plants have a specialized 
anatomy with rubisco found only in the bundle sheath cells surrounding the vascular bundles. 
Primary carboxylation occurs in the external mesophyll cells where COj is fixed into C4 acids 
by PEP carboxylase. The C4 acids are then transferred to the internal bundle sheath cells 
where they are decarboxylated to release COj. The increase in COj levels raises the COjiOj 
ratio, thereby favoring the carboxylation reaction of rubisco. This results in the suppression 
of photorespiration and an increase in the apparent affinity for COj. Another means of 
concentrating COj at the site of carboxylation is Crassulasian acid metabolism (CAM), which 
occurs predominantly in succulents. Stomates of these plants open at night to allow the entry 
of COj which is then fixed into malate via PEP carboxylase and stored in the vacuole. In the 
daytime, when photosynthesis is occurring, the stomates can remain closed while the stored 
malate is decarboxylated to release CO2 for the Calvin cycle. While these two systems are 
fairly well understood, a third means for concentrating COj, the CO2 concentrating 
mechanism of microalgae and cyanobacteria, has been identified more recently and has been 
less fially characterized. This dissertation will concentrate on the COj concentrating 
mechanism of C. reinhardtii, the alga in which the system was originally identified. 
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The Microalgal COj Concentrating Mechanism 
Chlamydomonas reinhardtii, as well as several other green microalgae and 
cyanobacteria, exhibits a COj concentrating mechanism (CCM; reviewed by Badger 1987, 
Spalding 1989, Coleman 1991, Badger and Price 1992) induced by low external levels of 
COj. Cells grown at enriched (5%) COj levels (COj-enriched cells) do not exhibit COj 
concentrating activity. When cells are grown in the air (0.03% COj; air-adapted cells) their 
affinity for CO2 is much higher than that of COj-enriched cells (Berry et al. 1976). The 
affinity for COj is also higher than that which would be expected in a C3-type plant. The 
high affinity for CO2, along with the other characteristics observed, would more typically be 
expected in a C4-type plant. However, it has been shown in these algae that photosynthesis 
proceeds along the usual C3 pathway (Pederson et al. 1966). The affinity for COj of air-
adapted cells is also higher than that of rubisco, the primary carboxylating enzyme, which is 
unaltered by adaption to limiting CO2 (Berry et al. 1976). Since the biochemical pathway is 
unaltered, there must be some other mechanism to explain the increased affinity of the cells 
for COj. It has now been shown that this high apparent affinity results from the active 
transport and accumulation of inorganic carbon. Active transport of inorganic carbon into 
the cell or into the chloroplast raises the internal COj level at the site of carboxylation and, 
therefore, allows photosynthesis to be saturated at a lower external CO2 concentration. It 
also raises the COjiOj ratio and therefore inhibits the oxygenase activity of rubisco. These 
cells have a dramatically reduced rate of photorespiration and show little, if any, O2 inhibition 
of photosynthesis. 
Evidence for the COj Concentrating Mechanism 
Researchers have long known that the levels of CO2 in media for algae affect 
metabolic processes. Graham and Whittingham (1968) demonstrated that the rate of 
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photosynthesis in air is decreased by prior growth in enriched COj. They also observed that 
this decrease was eliminated after an induction period. This suggested that one or more 
enzymes could be limiting in algae grown in COj-enriched conditions. Carbonic anhydrase is 
the only enzyme so far that has been demonstrated to increase in abundance following 
transfer from COj-enriched conditions to air. 
When algal cells grown at enriched levels of COj are transferred to air, the carbonic 
anhydrase activity level increases 20-fold in Chlamydomonas (Nelson et al. 1969) and 
Scenedesmus (Findenegg 1974) and 100-fold in Chlorella (Graham et al. 1971). These 
observations originally led researchers to attribute the increased photosynthetic efficiency of 
air-adapted cells to increased carbonic anhydrase levels. This assertion was questioned by 
Berry et al. (1976) who argued that while carbonic anhydrase could maintain rapid 
equilibrium between COj and HCO3", it should not be able to alter the position of this 
equilibrium. Therefore, carbonic anhydrase alone could not account for the affinity of the cell 
for CO2 exceeding that of the carboxylating enzyme. They offered two possible explanations: 
(1) the presence of an unknown carboxylating enzyme with a greater affinity for COj than 
rubisco or (2) the presence of a mechanism capable of elevating COj concentration at the site 
of fixation by rubisco. Much evidence has now accumulated in support of their second 
theory. 
The first direct evidence for a COj concentrating mechanism was offered by Badger 
et al. (1980), who measured internal inorganic carbon using a silicone oil layer centrifugal 
filtering technique (Heldt 1980). Measurements of the internal and external pH were made 
and the amounts of inorganic carbon that would be expected based on passive diffusion into 
the cell were calculated. Air-adapted cells were found to accumulate COj at levels up to 40-
fold above the external level, well above that which would be expected according to the pH 
gradient. 
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A concentrating mechanism which accumulates COj against a gradient must be 
dependent upon an energy supply. COj accumulation was inhibited by FCCP and SF6847 
(Badger et al. 1980), phosphorylation uncouplers which block ATP synthesis in both the 
chloroplast and mitochondrion. COj accumulation was also inhibited by DCMU or darkness 
(Badger et al. 1980, Spalding and Ogren 1982) which blocks NADP reduction, 
photosynthetic electron transport, and ATP synthesis within the chloroplast. Accumulation 
was not inhibited by methyl viologen (Badger et al. 1980) which blocks NADP reduction, but 
not pseudocyclic photophosphorylation and, therefore, does not eliminate the ability to 
synthesize ATP. Thus, COj accumulation appears to be dependent on photophosphorylation, 
but not directly linked to NADPH. These findings were supported by measurements of Oj 
uptake and evolution by mass spectrometry using stable isotopes. It was shown that air-
adapted Chlamydomonas cells have a higher Oj uptake to evolution ratio at high light 
intenshies than COj-enriched cells and suggested that this extra Oj uptake could indicate the 
provision of ATP for inorganic carbon accumulation via pseudocyclic electron flow 
(Sultemeyer et al. 1986). 
Thus, the existence of an active CO2 concentrating mechanism has been clearly 
demonstrated. The only putative component which has been specifically identified is the 
aforementioned induced carbonic anhydrase activity. Other components have been 
postulated and much research has gone towards clarifying their identities and fianctions. 
Components of the COj Concentrating Mechanism 
Eighty to ninety percent of the carbonic anhydrase, which was observed to increase so 
dramatically upon induction of the CCM in Chlamydomonas cells, was subsequently 
determined to be in the periplasmic space (Coleman et al. 1984). Chlamydomonas cells 
treated with autolysin (Coleman et al. 1983), an enzyme synthesized during mating to break 
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down cell walls, or with trypsin (Yagawa et al. 1986) were found to release the majority of 
their carbonic anhydrase activity into the medium. Similar carbonic anhydrase release was 
observed in the cell wall-less mutant CW15. The function of carbonic anhydrase in the 
periplasmic space is presumably to catalyze the interconversion between CO2 and HCO3", to 
maintain an adequate level of the species of inorganic carbon being taken up by the cell. 
The permeant species of inorganic carbon was thought to be CO2 based on 
photosynthetic rates at varying external pH (Moroney and Tolbert 1985). Studies with non-
permeant carbonic anhydrase inhibitors in Chlamydomonas (Moroney et al. 1985, Tsuzuki 
1983), Chlorella (Miyachi et al. 1983), and Dunaliella (Aizawa et al. 1986) also supported 
this conclusion. However, more recent studies by Sultemeyer et al. (1989), Badger et al. 
(1994), and Palmqvist et al. (1994) concluded that while COj was preferentially removed 
from the medium, air-adapted cells were able to utilize both CO2 and HCO3", the proportion 
being dependent upon the availability of each species. Mass spectrometric monitoring of COj 
uptake and Oj evolution in Chlamydomonas cells treated with AZA, a relatively non-
permeant carbonic anhydrase inhibitor, and Chlamydomonas protoplasts washed to remove 
carbonic anhydrase revealed that spontaneous dehydration of HCO3" could not maintain a 
sufficient supply of COj to support observed levels of Oj evolution (SuUemeyer et al. 1989). 
Similar resuUs were obtained by Williams and Turpin (1987) with AZA treated cells. 
The means by which the inorganic carbon is taken up across the plasma membrane is, 
as of yet, unclear. There is a saturable component involved in inorganic carbon 
accumulation in Chlamydomonas. Kinetic analysis of the initial rate of uptake of inorganic 
carbon revealed both a non-saturable component, attributed to diffusion, and a saturable 
component, attributed to active transport (Spalding and Ogren 1983). Further evidence for a 
transport component was demonstrated by the isolation of a high COj-requiring 
Chlamydomonas mutant apparently deficient in inorganic carbon accumulation (Spalding et 
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al. 1983b). The mutant,/?/w/?-l-16-5K, was selected for photoautotrophic growth at enriched 
COj levels, but not at air levels. When transferred to air levels of COj, the cells displayed an 
increase in carbonic anhydrase, as seen in wild type, but were greatly reduced in the ability to 
accumulate inorganic carbon. It was concluded that in addition to the increase in carbonic 
anhydrase activity, a transport component was also essential for the CO2 concentrating 
mechanism. 
Several researchers then addressed the issue of the location of the transporter. It was 
not clear whether inorganic carbon was being transported at the plasma membrane, and 
concentrated within the entire cell, or at the chloroplast envelope, and concentrated within 
the chloroplast. Work with isolated chloroplasts of Chlamydomonas (Sultemeyer et al. 1988, 
Moroney et al. 1987) and Dunaliella (Goyal and Tolbert 1989) has indicated that 
chloroplasts from air-adapted, but not COj-enriched cells, have the ability to accumulate 
inorganic carbon and that chloroplasts from air-adapted cells have a higher affinity for 
inorganic carbon. This would argue for the location of a transporter at the chloroplast 
envelope. Of course the presence of a transporter at one location does not preclude the 
possibility of a transporter at the other. Indeed, recent work suggests an additional 
transporter at the plasma membrane. Direct utilization of HCO3" from the medium by 
Chlamydomonas (Sultemeyer et al. 1989) and Scenedesmus (Theilman et al. 1990) implies a 
transporter at the plasma membrane. Thus, current evidence supports the occurrence of 
inorganic carbon transport at both the plasma membrane and the chloroplast envelope, 
although it is not yet possible to conclude where active transport is occurring. 
Although either COj or HCO," may be taken up from the medium, it is not clear 
whether each of these species arrives on the internal side of the plasma membrane. It is 
apparent that inorganic carbon is accumulated in the form of HCO3" within the cell. This has 
been demonstrated by another high COj-requiring Chlamydomonas mutant, ca-l-12-lC, 
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which is thought to be deficient in internal carbonic anhydrase (Spalding et al. 1983a). 
Induced cells show highly elevated internal inorganic carbon pools, but very low 
photosynthetic rates, even though the maximum photosynthetic rates are the same in both the 
mutant and wild-type cells. Similar results were obtained in wild-type cells treated with EZA, 
a permeant carbonic anhydrase inhibitor (Badger et al. 1980, Spalding et al. 1983a, Moroney 
et al 1985). These observations are consistent with the accumulation of HCO3" which would 
not be readily available without carbonic anhydrase catalyzed conversion to COj. COj taken 
up from the medium would therefore have to pass through an obligatory HCO3" stage during 
its accumulation. It is not clear yet whether the HCO3" accumulates within the entire cell or 
only in the chloroplast. 
Differential sensitivity to sulfonamides (Husic et al. 1989), photoaffinity labeling 
(Husic and Marcus 1994) and mass spectrometric studies (Sultemeyer et al. 1990) have 
putatively identified internal carbonic anhydrases. One form, suggested to be cytosolic, is 
soluble and sensitive to EZA. The other form, suggested to be found in the chloroplast, is 
rather insoluble and less sensitive to EZA. The presence of a soluble cytosolic carbonic 
anhydrase would allow for the conversion of CO2 to HCO3" within the cytosol, prior to 
entering the chloroplast. This could also be accomplished by the presence of a carbonic 
anhydrase-like component of a transporter at the plasma membrane (Figure 1). Alternatively, 
both CO2 and HCO3" might be taken up from the cytosol by a chloroplast envelope 
transporter, where a carbonic anhydrase-like component could allow for the release of only 
HCO3" to the stromal space for accumulation (Figure 1). Precedence for a carbonic 
anhydrase function associated with the transporter is found in cyanobacteria, where both COj 
and HCO3" are taken up directly from the medium, but only HCO3" is released by the 
transporter into the cytosol (Price and Badger 1989). 
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The arrival of inorganic carbon in strictly the HCO3" form in the chloroplast stroma 
would set up another analogy to the currently proposed model for cyanobacterial CCMs. In 
Synechococciis, the activities of rubisco, the primary carboxylating enzyme, and internal 
carbonic anhydrase have been localized exclusively to the carboxysomes, which are small 
proteinaceous bodies found in cyanobacteria (Badger and Price 1989). Furthermore, it has 
been shown that the expression of human carbonic anhydrase within the cytoplasm renders 
Synechococcus incapable of accumulating inorganic carbon (Price and Badger 1989). Thus 
the proposed model for cyanobacteria (Reinhold et al. 1989, Price and Badger 1991) 
suggests that inorganic carbon is actively transported into the cell at the plasma membrane 
and accumulated in the form of HCO3". The only place that carbonic anhydrase is found in 
the cell, to convert HCO3" to COj, is in the carboxysome. The COj is then taken up by 
rubisco before it can diffuse out of the cell. This, in effect, creates a diffusion barrier, 
because HCO3", which is accumulated, can't diffuse out, and CO2 is present at high 
concentrations only in the carboxysome, where it is readily incorporated in the Calvin cycle. 
This model can be adapted for a eukaryotic Chlamydomonas cell, as illustrated in 
Figure 1, with the pyrenoid as a structure analogous to the carboxysome. The pyrenoid is a 
proteinaceous body found in the chloroplasts of many microalgae (Dodge 1973). Pyrenoids 
have been shown to contain the majority of both rubisco (Vladimirova et al. 1982, Lacoste-
Royal and Gibbs 1987, McKay and Gibbs 1989) and rubisco activase (McKay et al. 1991), as 
well as other unidentified proteins (Kuchitsu et al. 1988, McKay and Gibbs 1989, Osafune et 
al. 1990). If one of the other proteins were a chloroplastic carbonic anhydrase, which was 
restricted to the pyrenoid, the HCO3" pumped into the chloroplast would only be converted 
to COj within the pyrenoid. The COj would then most likely be taken up in the 
carboxylation reaction, within the highly concentrated rubisco, prior to diffusing from the 
chloroplast. 
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In addition to the effective barrier of the concentrated rubisco, it has been suggested 
that the protein coat of the cyanobacterial carboxysome could also serve as a barrier to COj 
diffusion. Pyrenoids are not known to have a protein coat; however, pyrenoids of air-
adapted cells accumulate a starch sheath surrounding the pyrenoid. This starch sheath might 
also serve as a COj diffusion barrier. 
C02 -
I pCA 
HC03 
\CA? 
HC03 
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Figure 1. Model for the COj Concentrating Mechanism 
Induction of the COj Concentrating Mechanism 
Induction of the COj concentrating mechanism occurs in response to low external 
inorganic carbon. A time course for the increase in photosynthetic rate and inorganic carbon 
accumulation in Chlamydomonas revealed that both had reached near maximal levels by eight 
hours after transfer from COj-enriched conditions to air conditions (Spalding and Jeffrey 
1989). Requirements for fiill induction of the system include photosynthesis, O2, and de novo 
protein synthesis. The lack of induction in photosynthesis deficient mutants and in cells 
grown in the dark (Spalding and Ogren 1982) demonstrated a requirement for 
photosynthesis. Induction was decreased in cells grown at low O2 levels (Spalding and 
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Ogren 1982). These observations led researchers to suggest that a photorespiratory 
metabolite might be the signal for induction. Lack of induction in the presence of 
cycloheximide showed that de novo protein synthesis is also essential (Palmqvist et al. 1988). 
This indicates that translation of one or more proteins involved in the system may be initiated 
or upregulated. 
Periplasmic carbonic anhydrase is the only induced protein for which a specific 
involvement in the system and a function have been identified. Coleman et al. (1983, 1984) 
identified a soluble 37 kD polypeptide as the periplasmic carbonic anhydrase in 
Chlamydomonas, based on measurement of activity, susceptibility to inhibitors, and 
immunological reactivity. Subsequently, periplasmic carbonic anhydrase has been shown to 
be synthesized as a 42-44 kD precursor (Coleman and Grossman 1984, Toguri et al. 1989) 
which is then processed to form a glycosylated 35-37 kD subunit and a 4 kD subunit 
(Fukuzawa et al. 1990, Kamo et al. 1990). The holoenzyme consists of two large subunits 
and two small subunits joined by disulfide bonds (Kamo et al. 1990). Two isoforms of the 
periplasmic carbonic anhydrase have been identified. One form is responsible for the 
dramatic increase of carbonic anhydrase in air, while the other form is present at low levels in 
COj-enriched cells and is repressed by limiting COj (Fujiwara et al. 1990, Fukuzawa et al. 
1990). 
Another induced protein, LIP-36, has been partially characterized. It has been 
purified and used to produce polyclonal antibodies. It is a membrane associated protein 
(Spalding and Jeffrey 1989), which has been reported to be present in the chloroplast 
envelope fraction (Ramazanov et al. 1993). The appearance of this protein correlates well 
with induction of COj concentrating activity, and immunoprecipitation of in vitro translation 
products indicates that regulation of expression is at the level of translatable mRNA 
(Geraghty et al. 1990, Spalding et al. 1991). There is no immunological cross-reactivity 
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between LIP-36 and the periplasmic carbonic anhydrase. Therefore, if LIP-36 is an internal 
carbonic anhydrase, it is structurally quite different from the periplasmic carbonic anhydrase 
(Geraghty et al. 1990). 
The syntheses of other proteins have been correlated with the induction of the COj 
concentrating mechanism, but so far, none have been characterized to any extent nor assigned 
a specific function or location. A soluble 21 kD protein (Bailly and Coleman 1988, Manuel 
and Moroney 1988, Spalding and Jeffrey 1989), two soluble proteins in the 45 to 50 kD 
range (Manuel and Moroney 1988, Spalding and Jeffrey 1989), and a 21 kD membrane 
associated protein (Spalding and Jeffrey 1989) have also been identified. Based on inhibitor 
studies, all are suggested to be nuclear-encoded (Geraghty et al. 1990), but little else is 
known about these proteins. 
Induction of the protein synthesis in mutants has been investigated. In ca-1, the 
putative internal carbonic anhydrase mutant, synthesis of the 21 and 36 kD proteins in air-
adapted cells was weak or missing (Spalding et al. 1991), while in pmp-1, the putative 
inorganic carbon transport mutant, synthesis of the 45-50 kD proteins was missing (Manuel 
and Moroney 1988) or perhaps simply not up-regulated (Spalding et al. 1991). However, in 
both ca-1 and pmp-1, the mutant phenotype is expressed in cells grown under enriched COj 
conditions as well as normal air conditions (Suzuki and Spalding 1989). Therefore, it seems 
likely that the observed changes in protein synthesis are pleiotropic effects, rather than the 
direct result of the genetic lesion. 
Characterization of these proteins as well as identification of genes specifically 
expressed in induced cells may provide valuable information to help define the mechanisms by 
which Chlamydomonas adapts to limiting CO2. 
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Other Metabolic Changes Associated With Transfer to Limiting COj 
When Chlamydomonas is transferred to limiting COj, the decrease in COj causes 
photosynthesis to become substrate limited. There is also a decrease in the COjiOj ratio, 
which increases the oxygenation activity of rubisco relative to the carboxylation activity and, 
therefore, increases the flux of metabolites through the photorespiratory pathway. The 
products of the oxygenation of ribulose bis-phosphate are phosphoglycerate and 
phosphoglycolate. The phosphoglycolate, which is thought to possibly be the signal for 
induction of the CCM, is hydrolyzed by phosphoglycolate phosphatase to form glycolate in 
the chloroplast and is then excreted. Although the enzymes for glycolate metabolism are 
found in the peroxisomes in higher plants and in some green algae (Frederick et al. 1973), in 
Chlamydomonas they are found in the mitochondria. Glycolate dehydrogenase activity was 
shown to separate with the particulate fraction (Gruber et al. 1973) and shown 
cj^ochemically to be localized between the inner and outer membranes of the mitochondria 
(Beezley et al. 1976). Glycolate dehydrogenase is therefore thought to be associated with the 
inner mitochondrial membrane. Transaminases and hydroxypyruvate reductase are also 
mitochondrial and produce glycerate, which is returned to the chloroplast and phosphorylated 
to reenter photosynthetic carbon metabolism (Harris 1988). 
Immediately following transfer of Chlamydomonas to limiting COj, high levels of 
glycolate are excreted from the cells. This is only a transient stage, however. As the cells 
adapt to limiting COj, operation of the CCM represses photorespiratory activity, and 
glycolate dehydrogenase activitity is increased (Nelson and Tolbert 1969). Once the cells 
have adapted, there is no detectable excretion, except under very low CO2 conditions (Kaplan 
and Berry 1981) or in the presence of glycolate metabolism inhibitors (Nelson and Tolbert 
1969, Moroney et al. 1986). 
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Ultrastructural Changes Associated With Transfer to Limiting COj 
The C. reinhardtii cell is ellipsoid with two anterior flagella. Each cell has a single, 
large, basal chloroplast. The chloroplast is cup-shaped and contains a centrally located 
pyrenoid. The nucleus is found near the center of the cell, with a prominent nucleolus. 
Mitochondria within C. reinhardtii cells have been studied extensively and are 
observed to vary greatly in size, number, and shape. They can exist in small uni-lobuiate 
forms or coalesce into giant mitochondria or reticulate mitochondrial networks. Osafune et 
al. (1972, 1975) reported that giant mitochondria form temporarily by the fusion of smaller 
mitochondria at an intermediate stage of the growth phase in the cell cycle. They reported as 
few as three giant mitochondria to as many as 51 small mitochondria in a single cell. Blank et 
al. (1980) confirmed Osafune's time course for the formation of giant mitochondria during the 
cell cycle, but stressed that the mitochondrial morphology in Chlamydomonas was 
continually changing, with fusion and division occurring throughout the cell cycle. 
Mitochondrial changes in response to changes in CO2 have not been reported in 
Chlamydomonas, although there have been reports of relocalization of mitochondria in other 
species of green algae in response to COj levels. Kramer and Findenegg (1978), working 
with Scenedesmus obliquus, reported a relocalization of mitochondria from an interior to an 
exterior position relative to the chloroplast and a 4-fold increase in the apparent number of 
mitochondria when cells were switched from COj-enriched conditions to air-adapted 
conditions. Tsuzuki et al. (1986) reported the opposite finding in Dunaliella tertiolecta. 
They observed mitochondria between the chloroplast envelope and the plasma membrane in 
COj-enriched cells, but not in air-adapted cells. And in Chlorella vulgaris, Miyachi et al. 
(1986) reported that two mitochondria, one at each side of the neck projection of the 
chloroplast close to the pyrenoid, were found specifically in air-adapted cells. 
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The pyrenoid, which is a proteinaceous body found in the chloroplast of most 
eukaryotic algae, has also been extensively studied in C. reinhardtii, regarding its 
morphology and taxonomic implications (Griffiths 1980, Harris 1988). Its physiological 
function is less well understood. Recent localization of rubisco (Vladimirova 1983, Lacoste-
Royal and Gibbs 1987, Kuchitsu et al. 1988, McKay et al. 1991) and rubisco activase 
(McKay et al. 1991) implies that the pyrenoid is the site of carboxylation in the Calvin cycle. 
Reported responses to changes in COj include an increase in development of the pyrenoid 
and of the starch sheath surrounding the pyrenoid (Kuchitsu et al. 1988, 1991). Such 
observations have also been reported in other algal species (Miyachi et al. 1986, Tsuzuki et 
al. 1986). 
Lamellar stacking is also reportedly affected by COj levels, aUhough the particular 
effect appears to be species dependent. Miyachi et al. (1986) observeded that lamellar stacks 
usually extended in parallel in the chloroplast of air-adapted cells of Chlorella vulgaris, while 
a granna-like structure was found in cells grown under C02-enriched conditions. In 
Chlorella pyrenoidosa, however, granna-like structures were found more commonly in air-
adapted cells. 
Dissertation Organization 
The dissertation is written in the alternative format to include two papers for 
submission to Plant Physiology. The first paper addresses the characterization of LIP-21, the 
21 kD membrane associated protein induced in Chlamydomonas upon exposure to limiting 
COj. The second paper demonstrates the localization of LIP-21 to mitochondria which are 
realigned to a position between the plasma membrane and the chloroplast envelope under 
limiting COj conditions. Other ultrastructural changes associated with adaptation to air are 
discussed, as well. 
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CHARACTERIZATION OF THE 21 KD LIMITING-CO2 INDUCED 
POLYPEPTIDE IN CHLAMYDOMONAS REINHARDTII 
A paper to be submitted to Plant Physiology 
Anne M. Geraghty and Martin H. Spalding 
ABSTRACT 
Chlamydomonas reinhardtii possesses an inducible COj concentrating mechanism 
(CCM) which involves the active uptake and accumulation of inorganic carbon. Synthesis of 
several proteins is induced in conjunction with induction of the CCM. Periplasmic carbonic 
anhydrase is the only one of these proteins with a known function. Based on the assumption 
that the other proteins might be involved in the CCM activity or its regulation, the 
membrane-associated proteins were selected for further characterization regarding their 
functions. The 21 IcD protein was purified and used to produce polyclonal antibodies. The 
time course of the appearance of immunodetectable 21 kD protein upon induction of the cells 
correlated well with the induction of CCM activity. Immunoprecipitation of in vitro 
translation products showed that expression is regulated at the level of translatable message 
abundance. Triton X-114 partitioning of both the 21 kD protein and the previously 
characterized 36 kD protein showed that both appeared to be peripherally associated with 
membranes. ImpUcations for their involvement in the CCM are discussed. 
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INTRODUCTION 
Chlamydomoms reinhardtii, as well as other species of unicellular green algae and 
cyanobacteria, exhibits an inducible COj concentrating mechanism (CCM; recently reviewed 
by Coleman 1991, Badger and Price 1992). This system involves the active transport and 
accumulation of inorganic carbon either as COj or HCO3". The level of total inorganic 
carbon within the cell is raised to as much as 40-fold the external level in Chlamydomoms. 
In addition to increasing the COj substrate concentration, this raises the COjiOj ratio within 
the cell, and, therefore, decreases the oxygenase activity of rubisco. Subsequently, air-
adapted cells show little or no photorespiratory activity. Another important aspect of this 
system is that it is inducible. If cells are grown at enriched levels of COj, CCM activity is 
low or undetectable. However, if those cells are transferred to normal air levels of COj, 
within hours the CCM activity will increase dramatically. 
In an earlier review of the CCM, Badger (1987) proposed four essential components: 
1) a pumping mechanism; 2) an energy supply; 3) a mechanism to reduce efflux of CO2; and 
4) a mechanism to provide rapid interconversion between COj and HCO3". Although the 
existence of most of these components has been clearly demonstrated, the only component 
that has been specifically identified is a periplasmic carbonic anhydrase, which is synthesized 
upon induction. The specific identity of the other components remains to be shown. 
Aside fi-om low external levels of inorganic carbon, requirements for induction of the 
CCM include photosynthesis, oxygen, and de novo protein synthesis (Spalding and Ogren 
1982). It has been postulated that a photorespiratory metabolite might be the signal for 
induction of the CCM (Suzuki et al. 1990), which would necessitate photosynthesis and the 
presence of oxygen. Proteins that are synthesized upon induction of the CCM would seem 
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likely to be involved as secondary signals, activators or components of the CCM, although 
they could be involved in other adaptations to limiting COj. 
The induced periplasmic carbonic anhydrase is a well characterized tetramer with two 
large subunits of approximately 37 kD and two small subunits of approximately 4 kD (Kamo 
et al. 1990). Both subunits are translated from a single mRNA into a 42 kD precursor, which 
is post-translationally cleaved and glycolsylated to yield the subunits for the holoenzyme 
(Kamo et al. 1990, Coleman and Grossman 1984). The carbonic anhydrase is secreted into 
the periplasmic space of the cells (Coleman et al. 1984), where it helps to maintain an 
equilibrium between COj and HCO3". 
Induction of several other proteins coincident with the CCM has been reported. 
There are two soluble proteins induced in the 44 to 52 kD range (Manuel and Moroney 1988, 
Spalding and Jeffrey 1989). There have been reports of one or two proteins induced in the 
19 to 22 kD range, sometimes identified as membrane-associated (Spalding and Jeffrey 1989) 
and sometimes as soluble (Manuel and Moroney 1988, Bailly and Coleman 1988, Spalding 
and Jeffrey 1989). One or two membrane-associated proteins in the 35 to 36 kD range have 
also been identified (Spalding and Jeffrey 1989). The work presented here concentrates on 
two membrane-associated proteins, one at 21 kD and one at 36 kD. These limiting-COj 
induced polypeptides are referred to as LIP-21 and LIP-36, respectively. In trying to identify 
components involved in transport, it would seem logical to start with membrane-associated 
proteins, so the further characterization of LIP-21 and LIP-36 has been pursued. 
In a previous study (Geraghty et al. 1990), LIP-36 antibodies were used to confirm 
the air-specific nature of the protein and its strict association with membranes, as well as the 
time course of its appearance, which correlates well with the induction the CCM. The 
antibodies were also used to demonstrate that regulation occurred at the level of translatable 
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mRNA. In addition, the lack of immuno-cross-reactivity was used to differentiate between 
LIP-36 and the similarly sized periplasmic carbonic anhydrase. 
In this work, LIP-21 has been purified and used to produce polyclonal antibodies, 
which were used to characterize the protein and its expression. In addition, the hydrophobic 
nature of LIP-21 and LIP-36 was investigated, in order to clarify what their possible 
functions might be. 
MATERIALS AND METHODS 
Algal strains and culture conditions 
Chlamydomonas reinhardtii strains 2137 rat+ (Spreitzer and Mets 1981) and CW15 
mt+ (from Dr. R. Togasaki, Indiana University) were grown in minimal salts media, with the 
pH adjusted for either COj-enriched or air-adapted conditions (Geraghty et al. 1990), on a 
gyratory shaker (125 rpm for 500 ml Erlenmeyer flasks, 100 rpm for 2800 ml Fembach 
flasks) under constant light (100 |jE/m s). COj-enriched cells were aerated with 5% COj in 
air. Air-adapted cells were not aerated. For timed inductions, cells were grown under COj-
enriched conditions, collected by centrifugation, resuspended in air medium, and grown under 
air-adapted conditions. 
Cell fractionation and gel electrophoresis 
Cells were harvested and separated into soluble and total membrane fractions as 
previously described (Geraghty et al, 1990). Protein samples were electrophoresed on 14-
18% gradient SDS polyacrylamide gels using the Laemmli buffer system (Laemmli 1970). 
Gels were stained with silver (Heukeshoven 1985) or Coomassie brilliant blue (Chua 1980), 
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and labeled polypeptides were detected by fluorography (Skinner and Griswold 1983). Silver 
stained markers were as previously described (Geraghty et al. 1990), and radiolabeled 
markers were obtained from Sigma (no. M4399). 
LIP-21 purification 
LIP-21 was purified by carbonate extraction of membranes, followed by salt 
fractionation and excision of the 21 kD band from an SDS-PAGE gel. Membrane fractions 
were resuspended in 100 mM NajCOj, 10 mM EDTA, 5 mM AC A, 2 mM BAM and 
incubated on a Nutator at 4^0 for 2 h. Membranes were removed by centrifugation (Sorvall 
SS34 rotor, 19,000 rpm, 30 min). The extract was neutralized with HCl and then 
sequentially raised to 30%, 50%, and 70% saturation with ammonium sulfate. Following one 
hour of equilibration at 4°C for each step, the precipitate was collected by centrifugation 
(Sorvall SS34 rotor, 10,000 rpm, 15 min). Pellets were resuspended in 10 mM Tris, 10 mM 
EDTA, 5 mM AC A, 2 mM BAM, desalted, and concentrated by centrifugation in an Amicon 
Centricon 10 concentrator. The resuspended pellet from the 50% fraction was then 
fractionated on a 14-18% SDS-Page gel and stained with Coomassie brilliant blue. The 21 
kD band was excised and the protein eluted from the gel (Geraghty et al. 1990). 
Antibody production and western blots 
Polyclonal antibodies were raised against LIP-21 using the muhiple intradermal 
injection method of Vaitukaitus (1981) with female New Zealand white rabbits. 
Approximately 25 |Lig of protein was used for both the initial immunization and the boost. 
For Western blotting, the proteins were subjected to SDS-PAGE and then electrophoretically 
transferred from the gel to nitrocellulose (Towbin et al. 1979). The primary antibody signal 
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was amplified with biotinylated anti-rabbit IgG as a secondary antibody and then detected 
using streptavidin-linked horseradish peroxidase with aminoethylcarbazole. 
RNA isolation, in vitro translation, and immunoprecipitation 
RNA was isolated by phenol/chloroform extraction (Geraghty et al. 1990). Poly(A+) 
RNA was purified on a poly(U) Sephadex column (Lissemore et al. 1987). In vitro 
translation of poly(A+) RNA was done with a rabbit reticulocyte lysate system (Geraghty et 
al. 1990). Immunoprecipitation was done using the method described by Colbert et al. 
(1983), with exceptions as previously noted (Geraghty et al. 1990). 
Triton X-114 phase partitioning 
Membrane fi^actions were prepared and extracted with either 100 mM Na2C03 or 100 
mM NaOH in 10 mM EDTA, 5 mM ACA, 2 mM BAM for 2 h on a Nutator at 40C. 
Membranes were removed by centrifugation (Sorvall SS34 rotor, 19,000 rpm, 30 min). 
Proteins were then separated, based on their hydrophobic or hydrophilic nature, using the 
detergent Triton X-114 in a method described by Bordier (1981). The proteins were 
solubilized in 1% precondensed Triton X-114 in buffer (10 mM Tris-HCl, pH 7.4, 150 mM 
NaCl) at O^C for 30 min. The unextracted membrane samples were centrifuged after this 
step to remove any unsolubilized material. The samples were then layered over a sucrose 
cushion (6% w/v sucrose, 0.06% Triton X-114 in the same buffer) and incubated for 5 min at 
30OC to cause condensation. A diluted solution of the nonionic detergent, Triton X-114, has 
a cloud point of about 20°C (Bordier 1981) which makes it uniquely amenable for the phase 
separation of proteins. Below the cloud point, the detergent forms a clear micellar solution 
and can be used to solubilize the proteins. Above the cloud point, a phase separation occurs, 
with hydrophillic proteins partitioning into the aqueous phase, while hydrophobic proteins 
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partition into the detergent phase. After re-extraction and washing of the phases as 
described, the proteins from each phase were then precipitated overnight in 80% acetone at -
20OC. The precipitate was then pelleted, dried under vacuum, and resuspended for SDS-
PAGE. 
RESULTS 
Purification of LIP-21 was complicated by the fact that there is another membrane-
associated protein of very nearly the same size which is constitutively expressed (Fig. 1A and 
B, lanes 2 and 3). Treatment of the membrane fraction with carbonate yielded an extract that 
was greatly enriched with LIP-21 (Fig. 1 A, lane 5), however the constitutive protein was 
extracted along with LIP-21 (Fig. 1 A, lane 4). Substantial separation of the proteins was 
achieved by ammonium sulfate fractionation of the extract. A number of other proteins were 
removed by addition of ammonium sulfate to 30% saturation (Fig. 1 A, lanes 6 and 7). The 
majority of LIP-21 was precipitated by raising the ammonium sulfate concentration to 50% 
saturation (Fig. 1 A, lanes 8 and 9). Most of the constitutive 21 kD protein remained in 
solution until 70% saturation was reached (Fig. 1 A, lanes 10 and 11). When the precipitate 
of the 50% saturation fraction was subjected to SDS-PAGE and the 21 kD band excised, the 
protein which was eluted (Fig. IB, lane 4) was sufficiently purified to allow for production of 
specific anti-LIP-21 antibodies. Approximately 50 \xg of LIP-21 was purified from 8 liters of 
cell culture using this procedure. 
The purified LIP-21 was used to raise polyclonal antibodies in rabbits. The antiserum 
produced contained antibodies sufficiently specific for use without further purification. It was 
used in immunoblots to show the time course of the appearance of LIP-
Figure 1. A. Silver-stained SDS-PAGE gel of total membrane fractions (lanes 2 &3); carbonate extract of membrane 
fractions (lanes 4 & 5); and 30 % (lanes 6 & 7), 50 % (lanes 8 & 9), and 70 % (lanes 10 & 11) ammonium sulfate precipitate 
of carbonate extracts of membrane fractions from COj-enriched cells (lanes 2,4, 6, 8 & 10) and air-adapted cells (lanes 3, 5, 
7„ 9 «& 11) of C. reinhardtii. Lanes 1 and 12 contain molecular size markers. Arrows indicate LlP-21. B. Silver-stained 
SDS-PAGE gel of total membrane fractions from COj-enriched cells (lane 2) and air-adapted cells (lane 3), purified LIP-21 
(lane 4), and carbonate extraction of membrane fraction of air-adapted cells (lane 5) of C. reinhardtii. Lanes 1 and 6 contain 
molecular size markers. Arrow indicates LIP-21. 
•s-A-
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21 when cells were switched from COj-enriched conditions to normal air conditions. It can 
be seen that the antibodies were specific for LIP-21 and did not recognize the constitutively 
expressed 21 kD protein (Fig. 2, lane 1). Furthermore, it can be seen that there was no 
cross-reactivity with proteins of any other size (Fig. 2). The Western blot also showed that, 
while there was no detectable LIP-21 present in COj-enriched cells, a small amount was 
present two hours after the cells were induced, and that the level continued to increase, 
reaching near maximal level by eight hours (Fig. 2). 
The regulation of expression of LIP-21 was investigated in induced and non-induced 
cells using immunoprecipitation from in vitro translation products. LIP-36 antibodies were 
also used, as a control. In each case, a specific precipitate was obtained from the in vitro 
translation products of the poly(A+) RNA from air-adapted cells, but not from the COj-
enriched cells (Fig. 3). Each of the immunoprecipitated in vitro translation products 
appeared similar in size to its respective mature protein, although the LIP-21 translation 
product may have been slightly larger than the mature LIP-21. 
Phase partitioning of the proteins in Triton X-114 was investigated to determine their 
overall hydrophilic or hydrophobic nature. Hydrophilic proteins are recovered in the aqueous 
phase, while integral membrane proteins with an amphiphilic nature are recovered from the 
detergent phase (Bordier 1981). LIP-21 in an untreated membrane fraction partitioned into 
the aqueous phase, while LIP-36 partitioned mainly into the detergent phase (Fig. 4, lanes 5 
and 6). LIP-21 was easily extracted by both sodium carbonate and sodium hydroxide and, in 
each case, was found to partition in to the aqueous phase following phase separation (Fig. 4, 
lanes 8 and 11). LIP-36 was only extracted by sodium hydroxide, and not by sodium 
carbonate (Fig. 4, lanes 7 and 10), Following the NaOH extraction, however, LIP-36 was 
found to partition into the aqueous phase (Fig.4, 
Figure 2. Immunoblot of SDS-PAGE of whole cell samples from C. reinhardtii COj-
enriched cells (lane 1) and C02-enriched cells transferred to air for 1 h (lane 2), 2 h (lane 
3), 4 h (lane 4), 8 h (lane 5), and 24 h (lane 6). 
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Figure 3. Fluorograph of in vitro translation products immunoprecipitated with LIP-21 
antiserum (lanes 1 & 2) and LIP-36 antiserum (lanes 3 & 4) from poly (A"*") RNA 
isolated from COj-enriched cells (lanes 1 & 3) and air-adapted cells (lanes 2 & 4) of C 
reinhardtii. Molecular sizes are indicated on the left. 
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Figure 4. Triton X-114 phase separation of total membrane fraction (lanes 4, 5 & 6), and 
sodium carbonate (lanes 7, 8 & 9) and sodium hydroxide (lanes 10,11 & 12) extracts of 
total membrane fractions of air-adapted C. reinhardtii cells. Lanes 4, 7, and 10 are 
samples before separation. Lanes 5, 8, and 11 are polypeptides from the hydrophilic 
phase and lanes 6, 9, and 12 are polypeptides from the hydrophobic phase. Total 
membrane fractions from C02-enriched cells (lane 2) and air-adapted cells (lane 3) are 
also shown. Lanes 1 and 13 contain molecular size markers. 
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lane 11), rather than the detergent phase as the untreated protein had done. This finding was 
confirmed by Western blot analysis (data not shown). 
DISCUSSION 
Although the existence of several components of the inducible COj concentrating 
mechanism of Chlamydomonas has been demonstrated, only one component, the periplasmic 
carbonic anhydrase, has been specifically identified. Other proteins which are synthesized 
upon induction of the CCM would seem likely to be involved either as components of the 
system or in its regulation. Characterization of such proteins could help elucidate either the 
nature or the regulation of the CCM. The membrane-associated proteins, LIP-21 and LIP-
36, were investigated in this work to assess their possible involvement with the CCM. 
LIP-21 was purified to produce polyclonal antibodies for the further characterization 
of the protein. The procedure described above purified LIP-21 adequately to produce 
sufficiently specific antibodies. This is demonstrated in the western blot (Fig. 2), where the 
antibodies react with a 21 kD protein in the air-adapted cells, but not in the COj-enriched 
cells. The antibodies did not react with a 21 kD protein in COj-enriched cells, nor did they 
react with proteins of any other size (Fig. 2, lane 1). Therefore, there is no detectable LIP-21 
in COj-enriched cells, nor are there any constitutive precursors. LIP-21 appears to be 
synthesized de novo upon induction of the CCM, which is consistent with results of previous 
translation inhibitor experiments (Geraghty et al, 1990). It has been difficult to ascertain the 
presence or absence of LIP-21 in silver-stained gels, because of the presence of similarly 
sized constitutive proteins. In addition, since the blot was done with whole cell samples, the 
problem of the questionable partitioning of LIP-21 was eliminated. The immunoblot 
demonstrated clearly, however, that LIP-21 is absent in cells grown with enriched COj. It 
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appears at detectable levels by 2 h after induction, and reaches substantial levels by 8h (Fig. 
2). This correlates well with the time course of induction of periplasmic carbonic anhydrase 
(Fukuzawa et al. 1990), LIP-36 (Geraghty et al. 1990), and CCM activity in Chlamydomonas 
as measured by inorganic carbon accumulation and increased photosynthetic rates (Spalding 
and Jeffrey, 1989), which is consistent with the possibility that LIP-21 is involved with the 
CCM. 
The antibodies were also used to investigate the regulation of expression of LIP-21 by 
immunoprecipitation of in vitro translation products. Precipitation of the primary translation 
product of LIP-21 from in vitro translation of poly(A+) RNA confirms that LIP-21 is 
nuclear-encoded (Fig. 3, lane 3), as was suggested by earlier translation inhibitor experiments 
(Geraghty et al. 1990). Precipitation of an in vitro translation product from air-adapted cells, 
but not COj-enriched cells shows that expression of LIP-21 is regulated by translatable 
mRNA abundance (Fig.3, lanes 2 and 3). This could mean that expression is transcriptionally 
regulated, but the possibility of processing or differential stability of transcripts as a means of 
regulation carmot be eliminated. Immunoprecipitation with LIP-36 was also included (Fig. 3, 
lanes 4 and 5), as a control, since a similar means of regulation of its expression has already 
been demonstrated (Geraghty et al. 1990). The limiting-COj induced periplasmic carbonic 
anhydrase has been shown to be regulated at the level of transcript abundance (Fukuzawa et 
al. 1990, Fujiwara et al. 1990), which suggests that one signal may be responsible for the 
transcriptional regulation of periplasmic carbonic anhydrase, LIP-36, and LIP-21. 
The primary translation product for LIP-21 appears to be similar in size to the mature 
protein (Fig. 3, lane 3). Therefore, any post-translationally removed targeting sequence is 
probably fairly small. 
Since the appearance of both LIP-21 and LIP-36 is regulated in a way that would be 
consistent with their involvement in the inducible accumulation of inorganic carbon, it would 
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be interesting to determine what their possible functions might be. If one of them were an 
actual transporter for the system, it would be expected to be an integral membrane protein. 
Triton X-114 phase separation allows for the assessment of this possibility. LIP-21 was 
determined to be of an overall hydrophilic nature (Fig. 4, lane 5, 8 and 11), and, therefore, 
not likely to be an integral membrane protein. This was not an unexpected resuh, as LIP-21 
is easily extracted from membranes by either cholate (data not shown) or sodium carbonate 
(Fig. 4, lane 7). In addition, LIP-21 appears to a variable extent in the soluble fraction, as 
well as in the membrane fraction (Geraghty et al. 1990), and there was an earlier report by 
Bailly and Coleman (1988) of a 20 kD soluble protein induced with the CCM, which may be 
the same as LIP-21. It therefore seems likely that LIP-21 is a peripheral membrane protein. 
LIP-36 is not as easily extracted from the membranes. It is not removed by cholate (data not 
shown) or sodium carbonate (Fig. 4, lane 7). It can be removed by a harsher sodium 
hydroxide extraction (Fig. 7, lane 10). LIP-36 from untreated membrane fractions partitions 
predominantly with the hydrophobic proteins (Fig. 7, lane 6). However, following strong 
alkaline treatment, it partitions into the aqueous phase with the hydrophilic proteins. This 
behavior could be explained in at least two ways. First, it is possible that LIP-36 is post-
translationally modified in such a way that it becomes hydrophobic in nature by, for example, 
acylation. The strong alkaline treatment could remove that modification and cause the 
protein to become more hydrophilic. Secondly, it is possible that LIP-36 is a hydrophilic 
component of a hydrophobic protein complex which is not dissociated in the untreated 
membrane sample prior to or during phase separation. Alkaline treatment could cause 
dissociation and allow LIP-36 to partition independent of the hydrophobic complex. In either 
case, it seems likely that LIP-36 is a peripherally associated membrane protein, as well. 
Neither LIP-21 nor LIP-36, then, seems to be an integral membrane protein, which 
could span the membrane as transporters. This does not, however, preclude their 
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involvement in inorganic carbon transport or other aspects of the CCM. They could still be 
peripheral components of a transport complex in the membrane. They could be involved at 
the membrane surface in the conversion of inorganic carbon to the appropriate species for 
transport or release. Or they could be involved in regulation or in energy supply for the 
CCM activity. 
In conclusion, although probably not transport proteins per se, both LIP-21 and LEP-
36 are still viable candidates for involvement in the CO2 concentrating mechanism. Cloning 
of the genes for these proteins, as well as the determination of their sub-cellular location, will 
be of help in elucidating what their possible functions might be. 
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STRUCTURAL CHANGES IN CHLAMYDOMONAS REINHARDTII 
UNDER LIMITING CO2 CONDITIONS, 
INCLUDING THE RELOCATION OF MITOCHONDRIA 
CONTAINING AN INDUCED POLYPEPTIDE 
A paper to be submitted to Plant Physiology 
Amie M. Geraghty and Martin H. Spalding 
ABSTRACT 
When Chlamydomonas reinhardtii cells are transferred from a COj-enriched 
environment to normal air conditions, they respond to limiting CO2 by, among other things, 
the induction of a COj concentrating mechanism (CCM). The mechanism by which the 
inorganic carbon is accumulated is unknown. Examination of ultrastructural changes that 
occur when cells are exposed to limiting COj may help to form a model for this system. 
Induced cells were shown to have a higher degree of vacuolization, increased amounts of 
pyrenoid starch, transient degradation of stromal starch, and relocation of the mitochondria 
from within the cup of the chloroplast to between the chloroplast envelope and the plasma 
membrane. In addition, immunogold labeling demonstrated that a linuting-COj induced 
polypeptide, LIP-21, was localized to the peripheral mitochondria. Possible implications of 
these changes for the adaptation to limiting CO2 are discussed. 
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INTRODUCTION 
When Chlamydomonas reinhardtii cells are switched from COj-enriched (5% COj) 
to air-adapted (0.03% CO2) conditions, a CCM is induced. Inorganic carbon is actively 
transported and accumulated within the air-adapted cells, elevating the COj concentration at 
the carboxylation site of rubisco and allowing for increased photosynthetic rates and 
decreased oxygenase activity of rubisco. The mechanism by which this occurs has yet to be 
fully characterized. 
The COj concentrating activity was first identified in C. reinhardtii by Badger et al. 
(1980). It has since been demonstrated in several other species of unicellular green algae as 
well as cyanobacteria. Recent reviews of CCMs include Badger and Price (1992), Coleman 
(1991), and Kaplan et al. (1991). Many research approaches have been applied to the study 
of this mechanism. Physiological approaches have been used to investigate the kinetics of the 
system (Spalding and Ogren 1983) and the species of inorganic carbon utilized (Sultemeyer 
et al. 1989, Badger et al. 1994, Palmqvist et al. 1994). Biochemical studies have identified 
genes which are expressed, or possibly upregulated, only in induced cells (Fukuzawa et al. 
1990, Fujiwara et al. 1990), as well as several proteins induced in conjunction with the 
system (Manuel and Moroney 1988, Bailly and Coleman 1988, Spalding and Jeffrey 1989), 
including LIP-21. LIP-21 is an induced membrane-associated protein which has been 
purified, partially characterized, and used to produce polyclonal antibodies (Geraghty, 
manuscript in preparation). Here, we report the localization of this protein to mitochondria. 
Mutant analyses have been used to demonstrate both inorganic carbon transport (Spalding et 
al. 1983b) and a requirement for internal carbonic anhydrase activity (Spalding et al. 1983a). 
Ultrastructural observations may also provide valuable information for the formulation of a 
46 
model for the CCM. Ultrastructural observations made here pertain to mitochondria, 
pyrenoids and the accumulation of starch, and vacuoles. 
Mitochondria within C. reinhardtii cells have been studied extensively by structural 
techniques and are observed to vary greatly in size, number, and shape. They can exist in 
small uni-lobulate forms or coalesce into giant mitochondria or reticulate mitochondrial 
networks. Osafiine et al. (1972) reported that giant mitochondria form temporarily by the 
fusion of smaller mitochondria at an intermediate stage of the growth phase in the cell cycle. 
In a later report (1975) they reconstructed a 3-dimensional model of the mitochondria based 
on serial sectioning, which demonstrated the mitochondrial complexity with branching and 
articulation by constriction. These studies, which were done using synchronously grown 
cultures, were in accord with other studies using asynchronously grown cells. Three-
dimensional models of Chlamydomonas mitochondria based on serial sections by Arnold et 
al. (1972) and Schotz et al. (1972) also revealed mitochondria that were frequently elongated 
and branched. They estimated the number of mitochondria per cell to be 10-15. Osafime et 
al. (1975) reported as few as three giant mitochondria to as many as 51 small mitochondria in 
a single cell. Blank et al. (1980) confirmed Osafune's time course for the formation of giant 
mitochondria during the cell cycle, but stressed that the mitochondrial morphology in 
Chlamydomonas was continually changing, with fusion and division occurring throughout the 
cell cycle. Mitochondrial changes in response to changes in COj have not been reported in 
Chlamydomonas, although there have been reports of relocation of mitochondria in other 
species of green algae in response to COj levels (Kramer and Findenegg 1978, Tsuzuki et al. 
1986). 
The pyrenoid is a proteinaceous body found in the chloroplasts of most eukaryotic 
algae. The number of pyrenoids and their position within the cell are important criteria for 
the taxonomy of the Chlamydomonas genus (Harris 1988). In C. reinhardtii, there is a single 
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basally located pyrenoid (Harris 1988). The physiological function of pyrenoids is not well 
understood. Recent localization of rubisco (Vladimirova et al. 1983, Lacoste-Royal and 
Gibbs 1987, Kuchitsu et al. 1988, McKay et al. 1991) and rubisco activase (McKay et al. 
1991) to the pyrenoid implies that the pyrenoid is the site of carboxylation in the Calvin cycle. 
Reported responses to changes in COj include an increase in development of the pyrenoid 
and of the starch sheath surrounding the pyrenoid (Kuchitsu et al. 1988, 1991). Such 
observations have also been reported in other algal species (Miyachi et al. 1986, Tsuzuki et 
al. 1994). 
There have been few other reports of ultrastructural responses to limiting COj in C. 
reinhardtii or in any other algae, however, we report here changes observed in the vacuoles. 
There has been little research regarding the function of vacuoles in Chlamydomonas, other 
than the contractile vacuoles located in the anterior end of the cell which are thought to be 
involved in osmoregulation. Other functions typically associated with vacuoles include the 
sequestering of compounds and the compartmentation of particular metabolic processes, but 
it is unclear at this point what physiological function is served by the vacuoles in 
Chlamydomonas. 
It is not completely clear what type of "air-adapted" cells are best for comparison 
with cells grown under COj-enriched conditions. One approach, used for previous structural 
studies (Miyachi et al. 1986, Kuchitsu et al. 1988), is to use cultures as nearly identical as 
possible by splitting a culture grown with enriched COj and exposing one of the subcultures 
to limiting COj for a short period to induce the adaptive response. However, transfer to 
limiting COj is a great shock to the cells metabolism. When looking at recently induced cells, 
it may be diflficult to differentiate between adaptive responses versus transient changes due to 
shock. It is also a possibility, although not demonstrated at this point, that the stress brought 
on by the COj limitation causes the cells to arrest at a particular stage in the cell cycle. If this 
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were the case, a recently induced culture could be synchronous, despite being grown under 
non-synchronizing conditions. Since these possibilities could not be eliminated, a comparison 
was also done using cells which had been grown under limiting COj conditions for several 
generations. 
MATERIALS AND METHODS 
Cell Culture 
Chlamydomoms reinhardtii strain 2137 mt+ (Spreitzer and Mets 1981) was grown in 
minimal salts media with pH adjusted for either COj-enriched or air-adapted conditions 
(Geraghty et al. 1990). Cultures were grown non-synchronously under constant light (100 |a 
E/m s) on a gyratory shaker (125 rpm). COj-enriched cells were aerated with 5% COj in air. 
Air-adapted cells were not aerated. Twenty-four-hour induced cells were grown for two 
days under COj-enriched conditions, then for 24 hours under air-adapted conditions, as 
opposed to the air-grown cells, which were maintained on plates for muhiple generations 
under air conditions prior to innoculation of liquid cultures and continued growth under air-
adapted conditions. Cells grown with either of these protocols are referred to as air-adapted. 
Fixation and Embedding 
Cells to be used for microscopy alone were embedded in Spurr's resin (Spurr 1969). 
Cells to be used for immunolocalization were embedded in L.R. White resin to better 
maintain antigenicity (Roth et al. 1978). Cells were harvested by centrifligation (5 min, 750 
rpm), rinsed with phosphate buffer (100 mM sodium phosphate, pH 7.2, 40C), and fixed with 
1% glutaraldehyde and 2% paraformaldehyde in the same phosphate buffer. Fixation for 
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Spurr's resin was overnight followed by brief rinsing in phosphate buffer. Fixation for L.R. 
White resin was for 90 min followed by overnight rinsing in phosphate buffer. Samples were 
then dehydrated in a graded ethanol series. The cells for Spurr's resin were first switched to 
acetone, embedded, and then polymerized at 60OC. Cells for L.R. White resin were 
embedded, then polymerized at 50^C. 
Immunolocalization and Microscopy 
Cells embedded in L.R. White resin were used for immunolocalization. Thin sections 
were cut on glass knives and mounted on nickel grids. Grids were then floated section side 
down on drops of the following solutions: 1% bovine serum albumin (BSA) in phosphate 
buffered saline (PBS; 200 mM sodium phosphate, 150 mM NaCl, pH 7.2), 30 min; anti-LIP-
21 antiserum (or pre-immune serum) diluted 1:100 in PBS/BSA, 60 min; 1% BSA in PBS, 
4X3 min; protein A-gold diluted 1:25 in PBS/BSA, 30 min; PBS, 4X3 min (McKay et al. 
1991). BSA (fraction V) was obtained from Sigma (product A-7906) and 15 nm gold 
particles coupled to protein A were obtained from E Y Laboratories (San Mateo, CA; 
product GP-01-15). Antibodies were prepared as previously described (Geraghty, 
manuscript in preparation). Giids were then rinsed with de-ionized HjO and post-stained 
with aqueous uranyl acetate and lead citrate for 15 min each. For Spurr's embedded cells, 
thin sections were mounted on copper grids and stained for 1 hr each in uranyl acetate and 
lead citrate. 
Sections were viewed in a JEOL 1200EX-II STEM at 80 kV. Structural observations 
were based on analysis of 90 medial or near-medial cell cross-sections from six different 
preparations. Micrographs shown were selected as being representative of observed trends. 
Calculations of cross-sectional areas of L.R.White embedded cells were corrected for 
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distortion of cells caused by holes in the sections where the resin failed to infiltrate and 
preserve starch deposits. 
RESULTS 
Mitochondrial relocation 
Due to the complexity and variability of mitochondrial forms, a single medial section 
is inadequate to convey information specifying mitochondrial structure. Numerous cross 
sections could be indicative of many small mitochondria or of various branches of a single 
mitochondrial network. It is interesting to note, however, that there is an apparent relocation 
of the mitochondria in Chlamydomonas upon transfer to limiting COj, which remains 
constant in air-adapted cells. When cells were grown under COj-enriched conditions 
(Figures 1 A, 2A & 3A), a single medial cell cross-section revealed an average of 5 
mitochondrial cross-sections located in a central position, within the "cup" of the chloroplast, 
whereas there were typically only 1 or 2 found in a peripheral position, between the 
chloroplast envelope and the plasma membrane. In air-adapted cells (Figures IB, 2B & 3B), 
however, the opposite was found. Nearly all of the mitochondrial cross-sections were 
located in peripheral positions. Only in a few instances was a single mitochondrion observed 
in an central position. This was a consistent observation in cells that were induced for 24 
hours (Figure IB) and in cells that were air-grown (Figure 2B). In addition, the 
mitochondrial cross-sections in air-adapted cells were smaller and more numerous. Medial 
sections of air-adapted cells showed an average of 20 mitochondrial cross-sections per cell in 
an external position. This, of course, could represent numerous small mitochondria or a few 
highly reticulated mitochondria. On average, the size of the air-adapted mitochondrial 
Figure 1. Cross-sections of (A) C02-enriched and (B) 24-hour induced C. reinhardtii 
cells embedded in Spurr's resin. M, mitochondrion; P, pyrenoid; PS, pyrenoid starch; SS, 
stromal starch; V, vacuole; N, nucleus; *, chloroplast gap; bar = 1 |im. 
L 
Figure 2. Cross-sections of (A) COj-enriched and (B) air-grown C. reinhardtii cells 
embedded in Spurr's resin. M, mitochondrion; P, pyrenoid; PS, pyrenoid starch; SS, 
stromal starch; V, vacuole; N, nucleus; *, chloroplast gap; bar = 500 nm. 

Figure 3. Mitochondrial detail within cross-sections of (A) C02-enriched and (B) 24-
hour induced C. reinhardtii cells embedded in Spurt's resin. M, mitochondrion; P, 
pyrenoid; CE, chloroplast envelope; PM, plasmamembrane; bar = 500 nm. 
r,i 
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cross sections appeared to be smaller than that of the COj-enriched mitochondria. This could 
also be a sectioning artifact, since an oblique or longitudinal section of an elongated 
mitochondrion would appear larger than a cross section, but over a number of cells analyzed, 
the observation was consistent. Gaps in the chloroplasts were present in many of the cross 
sections (Figures 1, 2, 4 & 5) and mitochondria were occasionally observed within gaps in 
the chloroplast (Figures 4 & 5). 
Localization of LIP-21 
Antibodies raised against LIP-21 in two different rabbits were utilized (ms in 
prep/previous chapter). Each of the antiserum preparations reacted specifically with the 
peripherally relocated mitochondria of air-adapted C. reinhardtii (Figures 4 & 5). Gold 
particles were also observed over the pyrenoid region in both air-adapted and COj-enriched 
cells with anti serum #1. However, when pre-immune serum was used instead of antiserum, 
the labeling over the pyrenoid was also observed (Figure 6). The pyrenoid labeling, 
therefore, is not attributable to the LIP-21 antibodies. No labeling of mitochondria was 
observed when the pre-immune serum was used, nor was there any labeling of central or 
peripheral mitochondria by LIP-21 antibodies in COj-enriched cells. Therefore, immunogold 
labeling using anti-LIP-21 antibodies is specific to the relocated peripheral mitochondria of 
air-adapted cells. 
In an attempt to obtain better resolution of the mitochondrial membranes, samples 
embedded in Spurr's resin were also treated with LIP-21 antibodies. Prior to the labeling 
procedure, the sections were treated with periodic acid to remove osmium, which blocks the 
binding of antibodies, but there was still an inadequate level of antigenicity maintained for 
immuno-reactivity (data not shown). Lowicryl resin was also tried, since it typically retains a 
Figure 4. Cross-sections of (A) COj-enriched and (B) air-grown C. reinhardtii cells 
embedded in L.R. White resin and immunogold labeled using anti-LIP-21 antiserum #1. 
M, mitochondrion; P, pyrenoid; N, nucleus; *, chloroplast gap; bar = 500 nm. 

Figure 5. Cross-sections of (A) C02-enriched and (B &C) air-grown C. reinhardtii cells 
embedded in L.R. White resin and immunogold labeled using anti-LIP-21 antiserum #2. 
Mitochondrial detail (C) of air-grown cell (B) is shown. M, mitochondrion; P, pyrenoid; 
*, chloroplast gap; bar = 500 run (A & B),200 nm (C). 

V f >1 
Figure 6. Cross-sections of (A) COj-enriched and (B) air-grown C. reinhardtii cells 
embedded in L.R. White resin and immunogold labeled using pre-immune serum #1. 
mitochondrion; P, pyrenoid; bar = 500 nm. 
'1 r.* 
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higher level of antigenicity, but the background labeling was higher than that observed with 
L. R. White resin (data not shown). 
The pyrenoid and starch accumulation 
Little if any difference can be seen in pyrenoid development of COj-enriched versus 
air-adapted cells in Figures 1, 2, 4, and 5, which were representative of 90 cells that were 
analyzed. There were significant differences, however, in starch accumulation and 
distribution. In air-adapted cells, only 1 of 55 did not have a complete starch sheath 
surrounding the pyrenoid. In the COj-enriched cells, though, only 5 of 35 did have a 
complete sheath. The rest of the COj-enriched cells had varying amounts of pyrenoid starch, 
ranging from a nearly full sheath down to a few grains dispersed around the periphery of the 
pyrenoid. Stromal starch, on the other hand, was generally abundant in COj-enriched cells, 
although results were somewhat variable. In 24-hour induced cells (Figure IB), there was 
consistently very little, if any, stromal starch. In air-grown cells (Figure 2B), the amount of 
stromal starch was again more abundant, but variable. 
Vacuolization 
Air-adapted cells consistently had a higher degree of vacuolization than COj-enriched 
cells (Figure 1,2,4,&5). The degree of vacuolization was quantified as the percentage of 
cross-sectional area of the cell occupied by the vacuole in the cells shown in Figures 1, 2, 4, 
and 5, which were considered representative of all the cells observed. It was seen that there 
was approximately a 3-fold increase in vacuolization in the air-adapted cells (Table 1). 
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Table 1. Cell Vacuolization. Percentage vacuolization in COj-
enriched cells versus air-adapted cells of C. reinhardtii was calculated 
as the total percentage of cross-sectional area of a medial or near-
medial section of the cell occupied by vacuoles for the cells shown in 
Figures 1, 2, 4, and 5. 
Figure Cell tvpe % Vacuolization Ratio Air/COo 
1 COj-enriched 8.1 3 
24-hr induced 27.4 
2 C02-enriched 9.0 3 
Air-grown 28.1 
4 COj-enriched 2.8 4 
Air-grown 12.1 
5 COj-enriched 3.9 3 
Air-grown 11.4 
Furthermore, a large central vacuole was observed in cells that had only been induced for 24 
hours (Figure IB), whereas in air grown cells (Figure 2B), there were several vacuoles, 
usually 3 to 5, of a more median size, approximately 1 to 2 |im in diameter or similar in size 
to the pyrenoid. The COj-enriched cells (Figures 1A & 2A) tended to have smaller, more 
numerous vacuoles of less than 1 |im in diameter. 
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DISCUSSION 
When C reinhardtii cells are transferred from COj-enriched conditions to normal air 
conditions, the cells become limited for inorganic carbon. This decreases the rate of 
photosynthetic activity. In addition, the ratio of COj to Oj within the cell decreases, and 
therefore the flux through the photosynthetic carbon oxidation pathway increases relative to 
that of the photosynthetic carbon reduction cycle. Higher photorespiratory rates increase the 
amount of phosphoglycolate synthesized, which is hydrolyzed to glycolate and then excreted 
from the chloroplast. Soon after transfer to limiting COj, there is a dramatic increase in the 
amount of glycolate excreted from the cell (Kaplan and Berry 1981). Within hours, however, 
cells induce changes which enable them to adapt to the lower ambient concentration of CO2. 
Among the changes observed are a decrease in the amount of glycolate excretion from the 
cell (Kaplan and Berry 1981), an increase in the level glycolate dehydrogenase activity 
(Nelson and Tolbert 1969), and the induction of a CO2 concentrating mechanism (Badger et 
al. 1980). 
A possible model for the CO2 concentrating mechanism is described: Either COj or 
HCO3", as supplied by the periplasmic carbonic anhydrase, can be actively transported into 
the cell at the plasma membrane, in addition to passive diffusion of COj into the cell. A 
putative internal carbonic anhydrase, either in the cytoplasm or associated with one of the 
transporters, could convert the CO2 to HCO3", and HCO3" would be actively transported into 
the chloroplast stroma where it accumulates. In an analogy to the proposed carboxysomal 
function in cyanobacteria (Reinhold et al. 1989, Price and Badger 1991), carbonic anhydrase 
activity within the chloroplast could be restricted to the pyrenoid, a proteinaceous body 
where rubisco activity is also localized . Therefore, HC03' in the chloroplast would be 
converted rapidly to COj only in the pyrenoid, where it could be readily utilized by the 
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carboxylase activity of rubisco. The HCO3" pool would maintain a high level of COj at the 
carboxylation site of rubisco and minimize competition by Oj. In support of this model, 
periplasmic carbonic anhydrase activity (Coleman et al. 1984), uptake of both HCO3" and 
CO2 (Sultemeyer et al. 1989) and therefore transport at the plasmalemma, active transport at 
the chloroplast envelope (Moroney et al. 1987), accumulation of a bicarbonate pool 
(Spalding et al. 1983a), internal carbonic anhydrase activity (Spalding et al. 1983a, Husic and 
Marcus 1994), and localization of rubisco to the pyrenoid (Vladimirova et al. 1983, Lacoste-
Royal and Gibbs 1987, Kuchitsu et al 1988, McKay et al. 1991) have all been demonstrated 
in C. reinhardtii. 
Although the activity of components such as transporters and internal carbonic 
anhydrase has been demonstrated, the components themselves have not been identified or 
specifically localized. Towards this end, researchers have investigated a number of proteins 
induced upon transfer of cells to limiting COj (Manuel and Moroney 1988, Bailly and 
Coleman 1988, Spalding and Jeffrey 1989). LIP-21 is a 21 kD induced protein, shown to be 
associated with membranes (Spalding and Jeffrey 1989). It is a nuclear-encoded protein, 
hydrophilic in nature, and therefore probably a peripheral, rather than an integral, membrane 
protein (Geraghty, manuscript in preparation). The time course of appearance of LIP-21 
correlates well with the appearance of CCM activity upon induction of the cells (Geraghty, 
manuscript in preparation), implying a possible involvement with adaptation to limiting COj. 
Data from immuno-gold labeling experiments clearly demonstrate that LIP-21 is localized to 
the mitochondria of air-adapted cells. Although LIP-21 is apparently associated with 
membranes (Geraghty et al. 1990), resolution in the immunolocalization study was 
inadequate to localize LIP-21 specifically to the inner or outer mitochondrial membranes. In 
fact, since the protein is only loosely associated with membranes (Geraghty et al. 1990) and is 
probably the same as the 20 to 21 kD soluble induced protein also reported (Manuel and 
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Moroney 1988, Bailly and Coleman 1988, Spalding and Jeffrey 1989), it is possible that in 
vivo it is not strictly associated with membranes. Therefore, it may function within the matrix 
or in the intermembrane space, rather than in the inner or outer mitochondrial membranes. 
LIP-21 might also associate and disassociate with a membrane complex in different states. 
Of further significance is the fact that the mitochondria are distributed differently 
within air-adapted cells. Following transfer to limiting COj conditions, the mitochondria 
move from a central position in the cell, within the cup of the chloroplast, to a peripheral 
position, between the chloroplast envelope and the plasma membrane. The mitochondrial 
cross sections in the air-adapted cells appear to be smaller and more numerous, although this 
could simply reflect a higher degree of reticulation of the mitochondria. These observations 
were consistent in both 24-hour induced cells and in non-synchronous, air-grown cells, and 
therefore are not changes related to cell cycle. Although such observations have not been 
previously reported in Chlamydomonas, Kramer and Findenegg (1978), working with 
Scenedesmus obliquus, reported a relocation of mitochondria from an interior to an exterior 
position relative to the chloroplast and a 4-fold increase in the apparent number of 
mitochondria when cells were switched from COj-enriched conditions to air-adapted 
conditions. Miyachi et al. (1986) found no such increase in the number of mitochondria in S. 
obliquus. On the other hand, Tsuzuki et al. (1986) reported the opposite finding in 
Dunaliella tertiolecta. They observed mitochondria between the chloroplast envelope and 
the plasma membrane in COj-enriched cells, but not in air-adapted cells. 
Since the chloroplast in C. reinhardtii is typically thought of as a cup-shaped 
structure extending from the basal end of the cell, along the periphery, nearly to the apical 
end of the cell, the question arises as to how mitochondria could change from a central 
position within the cup to a peripheral position, short of migrating through the apical end of 
the cell. Kramer and Findenegg (1978) observed in S. obliquus that, occasionally, a 
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mitochondrion seemed to move between what they referred to as the branches of the 
chloroplast to the outside. The Chlamydomonas chloroplast also appears to have many such 
gaps (Figures 1, 2, 4, 5) through which mitochondria could migrate. Indeed mitochondria are 
often observed in these gaps (Figures 4 & 5). It is possible that LIP-21 could be involved in 
the relocation of the mitochondria, either as part of a signal for relocation or in the actual 
mechanism of migration within the cell. In no cases was labeling of LIP-21 observed in 
central mitochondria of either air-adapted or COj-enriched cells, nor was there any label in 
the larger peripheral mitochondria found in COj-enriched cells. A time course study of the 
migration of the mitochondria along with immunocytochemistry using LIP-21 antibodies 
might be informative with regard to any potential involvement of LIP-21 in the mitochondrial 
migration. 
The functional implications of the mitochondrial relocation are speculative. Kramer 
and Findenegg (1978) hypothesized that the relocation and increase in number of 
mitochondria in S. obliqiius could reflect an increase in glycolate metabolism. When cells are 
transferred to limiting COj, there is a sudden decrease in the ratio of COj to Oj at the site of 
rubisco activity, which increases the flux through the photorespiratory pathway. The primary 
oxygenation product, phosphoglycolate, is hydrolized to glycolate and excreted fi-om the 
chloroplast. Immediately following transfer to limiting COj, much of this glycolate is then 
excreted from the cell. This is only a transient stage, however. As the cells adapt to limiting 
COj, operation of the CCM represses photorespiratory activity and glycolate dehydrogenase 
activity is increased (Nelson and Tolbert 1969). Once the cells have adapted, there is no 
detectable excretion, except under very low COj conditions (Kaplan and Berry 1981) or in 
the presence of glycolate metabolism inhibitors (Nelson and Tolbert 1969, Moroney et al. 
1986). Glycolate dehydrogenase (Beezley et al. 1976) and the subsequent enzymes of the 
glycolate metabolic pathway are found in the mitochondria of both C reinhardtii and S. 
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obliquus, as opposed to the peroxisomal compartmentation in higher plants, and the 
positioning of mitochondria between the plasma membrane and the chloroplast envelope 
could help prevent the loss of glycolate from the cell following its release from the 
chloroplast by converting it to glycerate. 
In addition, it is possible that the mitochondria are involved in the supply of energy 
for the active transport of inorganic carbon and that the relocation puts them in closer 
proximity to the transporters. The phosphorylating pathway (respiration) could be involved 
directly in ATP synthesis, or the non-phosphorylating pathway (ahernative respiration) could 
be involved indirectly to decrease excess reductant resulting from the export of ATP from the 
chloroplast via a PGA-triose phosphate shuttle. In support of a possible role for the 
alternative pathway, salicylhydroxamic acid (SHAM), which is an inhibitor of alternative 
respiration, inhibits the accumulation of inorganic carbon in Chlamydomonas, Scenedesmus, 
and Dunaliella under certain conditions (Goyal and Tolbert 1990). It also has been observed 
that there is a higher level of alternative oxidase activity in air-adapted cells (Goyal and 
Tolbert 1989). These are only correlative observations at this point, but do suggest some 
possible involvement of the alternative respiration pathway in adaptation to limiting COj. 
Other ultrastructural observations which could impact upon our understanding of the 
cell's adaptation to limiting COj include the morphology of the pyrenoid and the distribution 
of starch within the cell. The presence of a well-developed pyrenoid with a starch sheath has 
been correlated with growth of cells under normal air conditions, but the pyrenoid has been 
reported to be less developed or absent in cells grown with enriched COj. Using electron 
microscopy, Miyachi et al. (1986) reported, in five different species of Chlorella and in S. 
obliqims, that in COj-enriched cells, the pyrenoid was absent or less developed than in air-
adapted cells. Tsuzuki et al. (1986) reported similar findings inZ). tertiolecta at the EM 
level. Using Nomarski differential interference microscopy, Kuchitsu et al. (1988) observed 
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in C. reinhardtii that the pyrenoid developed within hours of transfer from COj-enriched to 
air-adapted conditions, aUhough at the level of the light microscope, it may be difficult to 
ascertain the degree of development of the pyrenoid. Contrary to these published results, 
however, little if any difference can be seen in pyrenoid development of COj-enriched versus 
air-adapted cells in figures 1, 2, 4, and 5, which were representative of 90 cells that were 
analyzed. There was no difference between 24-hour induced cells and air-grown cells, 
therefore the change is not transient, nor can it be attributed to the cell cycle. Since the 
pyrenoid has been shown to be the location of the majority of rubisco within the chloroplast 
(Vladimirova et al. 1982, Lacoste-Royal and Gibbs 1987, McKay and Gibbs 1989), and there 
is no significant change in the amount of rubisco between air-adapted and COj-enriched cells, 
there does not seem to be any reason to expect a substantial change in the development of the 
pyrenoid. It is not clear why the other reports differ, although several were studying different 
species, and observations of Kuchitsu et al. (1988) in C. reinhardtii may have been based on 
changes in the starch sheath rather than the pyrenoid per se. In addition, it is difficult to 
ascertain the absence or the degree of development of pyrenoids without doing serial 
sectioning. A slight change in the angle of sectioning wouldn't make a significant difference 
in the appearance of most cell structures, however, not sectioning through the center of the 
pyrenoid could cause it to appear significantly smaller. 
Although no changes were observed in the pyrenoid itself, significant differences were 
observed in starch accumulation and distribution associated with changes in the COj 
concentration. In air-adapted cells, most pyrenoids were completely surrounded by a starch 
sheath, whereas in the COj-enriched cells, only a few had a well developed pyrenoid sheath.. 
The rest of the COj-enriched cells had varying amounts of pyrenoid starch, ranging from a 
nearly full sheath down to a few grains dispersed around the periphery of the pyrenoid. 
These findings are compatible with previous reports in C. reinhardtii, D. tertiolecta, S. 
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obliquuus, and five species of Chlorella (Miyachi et al. 1986, Tsuzuki et al. 1986, Kuchitsu 
etal. 1988). 
The pyrenoid starch sheath has been suggested to play a role in the CCM. According 
to the proposed model for the CCM, the accumulated HCO3- is converted to COj only within 
the pyrenoid, where it is readily taken up by the concentrated rubisco. It has further been 
proposed that the starch sheath surrounding the pyrenoid could serve as an additional barrier 
to diffusion of COj. The starch composition of the pyrenoid starch sheath may be different 
from that of the stromal starch grains. The pyrenoid starch sheath has a higher maximum 
absorption wavelength (Kuchitsu et al. 1988) and is degraded primarily by phosphorylase, as 
opposed to amylase, which is the predominant enzyme catalyzing degradation of stromal 
starch (Wanka et al. 1970). A difference in starch composition could affect the permeability 
to CO2 if the starch were serving as a diffusion barrier. The accumulation of starch described 
here would be consistent with such a function, although the evidence at this point is merely 
circumstantial. 
Stromal starch abundance, on the other hand, was quite variable. In 24-hour induced 
cells, there was very little if any stromal starch. This is probably due simply to the depletion 
of starch reserves as the cell becomes limited for carbon upon transfer. It could also be 
attributed to a particular stage in the cell cycle, if indeed the cell cultures become 
synchronized upon transfer to limiting COj. In COj-enriched cells and in air grown cells, 
where the CCM had been induced for generations, the amount of stromal starch was higher, 
but quite variable. Some cells had a great deal of stromal starch, while others within the 
same culture ranged all the way down to no apparent stromal starch. These observations are 
compatible with previous reports by Miyachi et al. (1986) and Kuchitsu et al. (1988) and 
support the conclusion that synthesis and degradation of the two forms of starch are 
regulated independently. It seems that stromal starch levels have a higher tendency to 
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fluctuate, possibly due to cell cycle stage or carbohydrate status, while pyrenoid starch levels 
are regulated by the state of the cell's adaptation to COj levels. 
A final observation, regarding changes in the degree of vacuolization, is perhaps the 
most difficult to interpret in terms of the cells adaptation to limiting COj. A large central 
vacuole was observed in cells which had been under limiting COj conditions for only 24 
hours. Coalescence of vacuoles into a large central vacuole could be attributed to a 
particular stage in the cell cycle, except that large central vacuoles were never seen in the 
non-synchronous COj-enriched cultures, which consistently had smaller and more numerous 
vacuoles. The large central vacuole does seem to be more specific to 24-hour induced cells 
than to air-grown cells, but both types of cells were more highly vacuolated than the COj-
enriched cells. A three-fold increase in the degree of vacuolization was observed relative to 
the COj-enriched cells. What function this might serve in the adaptation of the cells to 
limiting CO2 is purely speculative at this point. There are large changes in the cells 
metabolism brought on by transfer to limiting CO2; the vacuolization could be tied to any of 
these changes. One possibility would involve regulation of pH. Kuchitsu et al. (1987) 
proposed a possible function as a metabolic buffer for the vacuoles in Chlorella vulgaris, 
another unicellular green algae. Based on experiments under various metabolic conditions, 
they suggested that the vacuole could be serving as a reservoir for acids to buffer the pH of 
the cytoplasm. When C. reinhardtii cells are induced, they preferentially take up COj from 
the external environment (Sultemeyer et al. 1989). Hydration of COj in the cytosol to form 
HCO3" could tend to acidify that compartment, especially if the HCO3" was removed by a 
transporter into the chloroplast. It is possible, then, that increased vacuolization facilitates 
active COj uptake by serving to buffer against this tendency for acidification during active 
CO2 uptake. 
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In conclusion, these observations of structural changes may serve to elucidate the 
adaptation of Chlamydomonas cells to limiting COj. The relocation of mitochondria 
containing an induced protein strongly indicates a role for the mitochondria in the adaptation. 
LIP-21 could be involved in the mitochondrial metabolism, or it could be a component of the 
mechanism for relocation of the mitochondria. It also seems likely that the pyrenoid may be 
a central component of the CCM induced in response to limiting COj. 
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GENERAL SUMMARY 
Conclusions 
When Chlamydomonas reinhardtii cells grown with enriched levels of COj are 
transferred to normal air levels of COj, there are drastic metabolic changes. The rate of 
photosynthesis decreases as cells become limited for carbon, and the decrease in the COjiOj 
ratio shifts the balance of rubisco activity towards the oxygenase reaction, resuhing in an 
increase in photorespiratory rates. Flux of metabolites through the photorespiratory pathway 
results in copious amounts of glycolate being excreted from the cell (Kaplan and Berry 1981). 
These changes are only transitory, however. Within hours, the cells are able to adapt to the 
lower CO2 levels. Reported aspects of this adaptation include the induction of a CO2 
concentrating mechanism (Badger et al. 1980) and increased levels of glycolate 
dehydrogenase activity (Nelson and Tolbert 1969). 
The changes occurring in C. reinhardtii as cells adapt to limiting CO2 conditions were 
examined at both a molecular level and an uhrastructural level. At the molecular level, the 
synthesis of several polypeptides is induced upon transfer from COj-enriched conditions to 
air conditions (Manuel and Moroney 1988, Bailly and Coleman 1988, Spalding and Jeffrey 
1989). One of these polypeptides, LIP-21, a 21 kD membrane-associated protein, was 
purified and used to produce polyclonal antibodies. The antibodies were used to demonstrate 
that LIP-21 is nuclear-encoded, that it is clearly absent in C02-enriched cells, and that it does 
not exist as a constitutively expressed precursor of a different molecular size. 
The anti-LIP-21 antibodies were also used to show that the time course of the 
appearance of LIP-21 correlates with the appearance of CCM activity, and that expression of 
the gene for LIP-21 is regulated at the level of translatable message. This is comparable to 
what is known about the regulation of LIP-36 and periplasmic carbonic anhydrase, other 
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proteins induced in conjunction with transfer to limiting COj. A time course of accumulation 
of LIP-36 translatable message following exposure to limiting COj, demonstrated detectable 
levels of message after one hour and greater than 70% of the level observed in air-adapted 
cells accumulated after four hours (Spalding et al. 1991). Appearance of periplasmic 
carbonic anhydrase message reached maximal levels within one to three hours following 
exposure to limiting COj (Bailly and Coleman 1988, Fukuzawa et al. 1990). Neither 
message was found in cia-5 cells (Spalding et al. 1991), a mutant line thought to be deficient 
in the signal or the transduction of the signal for induction of the CCM. No proteins are 
induced when these cells are exposed to limiting CO2 (Moroney et al. 1989). This suggests 
that one signal may be responsible for the transcriptional regulation of LIP-36 and 
periplasmic carbonic anhydrase, as well as LIP-21. 
These results are consistent with LIP-21 being a component of an adaptive response 
to limiting CO2, such as the induction of the CCM. Phase separation of membrane proteins 
indicated that both LIP-21 and LIP-36 were predominantly hydrophilic in nature. They are 
probably peripheral membrane proteins, therefore, rather than integral membrane proteins, 
but could still be part of a transmembrane protein complex . 
Immunocytological techniques were used to localize LIP-21 specifically to 
peripherally located mitochondria in air-adapted cells. This is of particular significance 
because there is a relocation of these mitochondria upon transfer to limiting COj. In COj-
enriched cells, the mitochondria are predominantly located in the central portion of the cells, 
but in air-adapted cells, the mitochondria are smaller, more numerous, and found in a 
peripheral position between the chloroplast envelope and the plasmamembrane. Although 
not necessarily related, these two observations do suggest a role for the mitochondria in the 
adaptive response. Possible functions that the mitochondria might serve more optimally in 
the peripheral position include glycolate scavenging, supply of ATP for active transport via 
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oxidative phosphorylation, or, via alternative respiration, elimination of excess reductant 
produced by export of ATP from the chloroplast utilizing a PGA-triose phosphate shuttle. 
Although it has been demonstrated that LIP-21 is a nuclear-encoded, peripheral 
membrane protein localized in mitochondria and that it is synthesized de novo in response to 
limiting CO2, there is still a vast number of possibilities for its function. Proteins play crucial 
roles in virtually all biological processes. Within a unicellular organism, such as 
Chlamydomonas, they could be involved in enzymatic catalysis, transport and storage, 
coordinated motion, mechanical support, or control of genetic expression. Lff-21 could be 
involved catalytically in the mitochondria either in glycolate metabolism or in alternative 
respiration, which occur at higher levels in air-adapted cells. LIP-21 could also be a signal 
for or a component of the mechanism by which the mitochondria are relocated. 
Other ultrastructural changes observed upon transfer to limiting COj include changes 
in starch distribution and in vacuolization. During induction, there is a transient decline in the 
level of stromal starch. It seems likely that cells are simply depleting carbohydrate reserves 
while they are limited for carbon. However, in cells that have adapted to air conditions for a 
longer period of time, levels of stromal starch are more comparable to those found in COj-
enriched cells; this level tends to vary, possibly due to cell cycle effects. Adaptation to 
limiting COj does correlate with the accumulation of a pyrenoid starch sheath. The sheath 
accumulates during induction and remains present in air-adapted cells. It has been speculated 
that the starch sheath could serve as a diffusion barrier to prevent loss of COj from the 
pyrenoid, the site of carboxylation. The pyrenoid itself does not appear to develop further in 
air-adapted cells, in contradiction to earlier reports (Miyachi et al. 1986, Tsuzuki et al. 1986, 
Kuchitsu et al. 1988). There is also a change in the degree of vacuolization dependent on 
external CO2 levels. In air-adapted cells the vacuoles were larger and occupied three to four 
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times the area of the vacuoles in the COj-enriched cells. It is not clear what function this 
might serve. 
Future Directions 
One of the most informative steps towards understanding the adaptation to limiting 
CO2, including the induction of the CCM, would be the cloning of genes which are expressed 
in response to limiting COj. Towards that end, the N-terminal sequence and two internal 
sequences have been determined for LIP-21. It is hoped that oligonucleotides based on the 
deduced codon sequences will enable the cloning of the LIP-21 gene by PGR amplification 
from a cDNA library. Another possible method for obtaining the LIP-21 and LIP-36 genes 
would be the screening of expression libraries using the antibodies for the genes. A third 
means for obtaining genes involved in the CCM would be to do complementation of mutants 
deficient in the CCM. Comparison of the coding sequences of any of these genes to those of 
known genes might suggest a function for the genes, and analysis of the upstream regions 
might be informative regarding the regulation of the system. In addition, expression of the 
genes in CCM deficient mutants, constitutive expression of the genes in wild type, or 
transformation with anti-sense DNA might also help in determining the function of the genes. 
Further immunolocalization studies should be informative as well. The LIP-36 
antibodies could be used for immunolocalization, which might narrow down the possible 
functions for LIP-36. Due to the time course for its appearance and its association with 
membranes (Geraghty et al. 1990), LIP-36 is a candidate for involvement in inorganic carbon 
transport in the CCM. If it were found to be in either the plasma membrane or the 
chloroplast envelope, it could be part of a protein complex serving as a pump for inorganic 
carbon. A preliminary localization of LIP-36 to the chloroplast envelope was done by 
fractionation of membranes (Ramazanov et al. 1993), aUhough it is difficult to ascertain the 
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purity of membranes in fractions. Localization of LIP-21 and LIP-36 in the mutants could 
reveal a problem such as mistargetting involved in the deficiency. Regarding the fijnction of 
LIP-21, a time course following transfer to limiting COj employing immunolocalization might 
reveal whether LIP-21 could be involved as a signal for the relocation of the mitochondria or 
whether it appears after the relocation occurs. If LIP-21 is functioning in the relocated 
mitochondria, it might be informative to do immunolocalization in non-respiratory mutants. 
It could also be informative to do localization with radiolabeled ethoxyzolamide, a 
permeant carbonic anhydrase inhibitor, which blocks inorganic carbon transport. If its site of 
action could be determined, the localization of the internal carbonic anhydrase would help to 
clarify the current model for the CCM. Co-localization of ethoxyzolamide labeling with anti-
LIP-36 labeling would also be very interesting. 
Another possible avenue of research is an uhrastructural investigation of 
Chlamydomonas mutants deficient in starch synthesis. It would be interesting to see how 
starch accumulation is affected by the different mutations in cells grown with enriched COj 
compared to those exposed to limiting COj. It has been suggested that the starch 
composition of the pyrenoid starch sheath may be different from that of the stromal starch 
grains. The pyrenoid starch sheath has a higher maximum absorption wavelength (Kuchitsu 
et al. 1988) and is degraded primarily by phosphorylase, as opposed to amylase, which is the 
predominant enzyme catalyzing degradation of stromal starch (Wanka et al. 1970). A 
difference in starch composition could affect the permeability to COj if the starch were 
serving as a diffusion barrier. 
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